[Abstract] Continuous in vitro growth of Cryptosporidium parvum has proved difficult and conventional in vitro culture techniques result in short-term (2-5 days) growth of the parasite resulting in thin-walled oocysts that fail to propagate using in vitro cultures, and do not produce an active infection using immunosuppressed or immunodeficient mouse models (Arrowood, 2002) . Here we describe the use of hollow fiber bioreactors (HFB) that simulate in vivo conditions by providing oxygen and nutrients to host intestinal cells from the basal surface and permit the establishment of a low redox, high nutrient environment on the apical surface. When inoculated with 10 5 C. parvum (Iowa isolate) oocysts the bioreactor produced 10 8 oocysts per ml (20 ml extra-capillary volume) after 14 days, and was maintained for over 2 years. In vivo infectivity studies using a TCR-α-immune deficient mouse model showed that oocysts produced from the bioreactor at 6, 12 and 18 months were indistinguishable from the parent Iowa isolate used to initiate the culture. HFB produced oocysts had similar percent excystation profiles to the parent Iowa isolate.
models overcome the major obstacle associated with conventional 2D culture methods where host cells receive nutrients and oxygen from the apical surface (except for those systems that use porous membrane inserts like the Costar Transwell system); this is contrary to the in vivo situation where the enterocytes receive nutrients and oxygen from the basal surface and the apical surface faces the lumen of the gut. However, current intestinal implant models fail to provide the low oxygen environment present inside the gut lumen which restricts the long-term growth of the parasite. The use of hollow fiber technology allows the creation of the biphasic environment present in the gut and overcomes many problems associated with the long-term culture of C. parvum (Morada et al., 2016) . This protocol describes the establishment of hollow fiber bioreactors that can be used to simulate in vivo conditions by providing oxygen and nutrients to the basal surface of host intestinal cells that are attached to the outside of the hollow fibers ( Figure 1 ). The environment inside the reactor is adjusted to mimic the lumen of the gut hence the apical surface of the intestinal cells are established in a low redox, high nutrient environment, that favors high growth rates and long-term maintenance of C. parvum. The use of this method provides 10 8 -10
9 oocysts which can be used for molecular and biochemical studies and has the advantage of avoiding the use of harsh chemicals such as K-dichromate, which is used as a long-term storage medium at (4 °C) and has the advantage of sanitizing the oocysts; and chlorine currently used as both a sanitizer and to enhance excystation of oocysts obtained from animal sources (Arrowood, 2008) . e. Repeat steps to attach the other Luer fitting.
f. Check fitting and be sure they are tightly attached.
B. Pre-culture
When working with adherent cells, the cartridge should be washed with 2-volumes of 125 ml of sterile PBS each for 24 h prior to filling the cartridge with 125 ml of cell culture medium.
1. Ensure the left and right end port side clamps are open. Aseptically fill 100 ml of sterile PBS into 125 ml bottle attach to cartridge using the 33 mm caps (The flow path and cartridge for medium cartridge holds about 30 ml of media).
2. Use thumb and forefinger to manually prime the pump until air is pushed out of the tubing then close the left and right end port side clamps.
3. Fill a sterile 60 ml syringe with 30 ml sterile PBS and attach to the left extra-capillary space (ECS) port and attach an empty 60 ml syringe to the right ECS port.
4. Open the clamps on the left and right ECS side ports and push the sterile PBS into the ECS. with 70% alcohol and wipe with an alcohol pad prior to attaching clean sterile 3 ml syringes to the ports. Open the left and right side port clamps.
6. Connect the Fibercell hollow fiber module to the Fibercell pump unit in a 37 °C 5% CO2 incubator.
Set a medium flow rate of 5, leave for 24 h.
7. After 24 h, the left and right end port clamps are closed and the PBS reservoir bottle is aseptically changed for a fresh 125 ml bottle containing 100 ml of sterile PBS and returned to the incubator for 24 h.
8. Aseptically fill a sterile 125 ml reservoir bottle with 100 ml of MEM media. Leave the reservoir cap loose by ½ turn.
9. Fill a sterile 60 ml syringe with 30 ml sterile MEM and attach to the left ECS port and attach an empty 60 ml syringe to the right ECS port.
10. Open the clamps on the left and right ECS side ports and push the sterile MEM into the ECS.
Tilt cartridge upwards and fill medium taking care to remove all air present in the ECS. If the volume is not sufficient, repeat 11. Close the left and right ECS side ports, spray with 70% alcohol and remove the syringes, spray with 70% alcohol and wipe with an alcohol pad prior to attaching clean sterile 3 ml syringes to the ports. Open the left and right side port clamps.
12. Connect the Fibercell hollow fiber module to the Fibercell pump unit in a 37 °C, 5% CO2
incubator. Set a medium flow rate of 5 and leave overnight.
13. Repeat Steps B8-B12 using MEM plus 10% horse serum. 1. Remove the unit to a sterile hood and slide the L and R end port clamps to closed.
2. Spray the left and right ECS ports with 70% alcohol using an alcohol pad and remove the syringe from the left ECS port.
3. Attach the syringe containing the 10 ml of C. parvum oocysts suspended in the ECS mix to the left ECS port.
4. Attach a clean sterile 10 ml syringe to the right ECS port. 1. Centrifuge a 50 μl sample, discard the supernatant and add 100 μl of iScript Buffer (lysis buffer).
2. Freeze/thaw 6x by immersing in liquid nitrogen for 1 min followed by rapid thaw at 70 °C for 1.5 min.
3. Centrifuge the lysate for 5 min at 16,162 x g (14,800 rpm). 4. To achieve the consistent growth of C. parvum, it is important to maintain a low redox balance of the extra-capillary medium.
Note: To achieve this, we prepared the redox mix using sterile distilled water that is boiled and purged with 0.4 μm filtered N2 gas. When cooled to ambient temperature, thiols are dissolved under an N2 atmosphere. 
C. Excystation of oocysts collected from the HFB
The excystation rate of C. parvum oocysts from the HFB was compared to control Iowa isolate oocysts as an index of oocyst viability. C. parvum oocysts were incubated in PBS, pH 7.4 containing 150 mg of Na taurocholate and 50 mg of trypsin at 37 °C for 30 min and dual stained using Crypta-Glo ® and Sporo-Glo ® . The percent of excysted oocysts was determined by counting oocysts and sporozoites using a hemacytometer using a fluorescent microscope (Nikon Optiphot) at 400x
magnification. Crypt-a-Glo ® stained oocysts were visualized using an excitation wavelength of 410- The results show that approx. 80% of the oocysts collected from the HFB culture system excyst in 30 min, which is similar to the data obtained with the C. parvum parent Iowa isolate. Oocysts from both the HFB culture and the Iowa isolate stored at 4 °C demonstrated a gradual decrease in percent excystation with time of storage, falling to approx. 40% after 6 months ( Figure 5 ). Components are added and the medium is filter sterilized.
*Prepared using nitrogen degassed water and stored in 1 ml aliquots under a nitrogen gas phase at -20 °C. antibiotic/antimycotic 10,000 units/ml penicillin 100,000 units 10,000 μg/ml streptomycin 100,000 μg 25 μg/ml amphotericin B 250 μg serum horse serum
Components are added and the medium is filter sterilized.
